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The Hedgehog (Hh)-secreted proteins act as mitogens, morphogens, or survival factors and carry out intercellular communication in embryonic and adult tissues (1) . Research on Hh signal transduction is motivated by the importance of Hh signaling for normal development and for tumorigenesis. New discoveries highlight the dynamic changes in spatial organization of key signaling components in the pathway, including the transmembrane receptor Patched (Ptc), the transmembrane transducer Smoothened (Smo), and the transcription factors Glioma-associated oncogene homologs (Gli1, Gli2, and Gli3) (2) . The Hh pathway controls the activation of various target genes that drive cell differentiation and, in some tissues, cell division (1, 2) . In the absence of Hh, Ptc maintains Smo in an inactive state, and transcription of Ci target genes is repressed. Hh binding inactivates Ptc, consequently activating Smo and thus enabling Gli-mediated target gene transcription (1, 2) . In addition to those core components, various other molecules, some not involved exclusively in Hh signaling, are required for the transduction and interpretation of the Hh signal (1) . Target gene activation correlates with changes in the intracellular localization of proteins in the pathway. Primary cilia appear to be a prime location for vertebrate Hh signaling, where most of the pathway proteins can be found at some point during pathway activation (3) .
The connection between Hh signaling and cilia was first made by using mouse genetics, with loss-of-function mutations in cilium components leading to phenotypes characteristic of Hh pathway lesions (4) . The extent to which Hh signals can be received or transduced by other parts of cells remains unclear. Primary cilia may serve as microtubule-based "cellular antennae," because Hh ligands can bind to receptors on this subcellular compartment (5). Transduction and transport machinery within cilia may assess the strength of the Hh signal and selectively process and export Gli transcription factors to the nucleus. Hh binding appears to inactivate Ptc and cause it to disappear from the membrane of the primary cilium by an unknown mechanism (5). Simultaneously, Smo accumulates in the membrane of the cilium, a transfer that is due to Ptc inactivation because Ptc loss of function has the same effect on Smo localization as the presence of Hh (5, 6) . Smo controls the activation and processing of Gli transcription factors (1) . Gli transcription factors are also concentrated in cilia, primarily at the tip (7). Two Gli proteins (Gli2 and Gli3) can act as transcriptional activators or, after proteolytic cleavage, as repressors (Gli-R) (8, 9) . In contrast, Gli1 is a transcriptional activator. Both the full activation of Gli proteins (Gli-A) and the formation of normal amounts of Gli-R require functional cilia, although some Gli-R does form in the absence of cilia (7, 10) . Protein kinase A (PKA) regulates the processing and activities of Gli proteins (1) , which raises the questions of whether Smo in cilia is involved in the local regulation of PKA in cilia and whether PKA regulates Gli trafficking to the cilium.
Several publications bring us closer to answering those questions. Hh signals induce the accumulation of full-length Gli2 and Gli3 in cilia, a process that requires activated Smo (11) (12) (13) . PKA was located at the base of the cilium in a Hh-dependent manner, and this localization was required for proliferative effects of the Hh signal (14) .
PKA is regulated by the second messenger cyclic adenosine monophosphate (cAMP) (15) . In its inactive state, the enzyme consists of two catalytic (PKA-C) and two regulatory (PKA-R) subunits. When cAMP binds to the regulatory subunit, the catalytic subunit is released and phosphorylates protein substrates. PKA has roles in metabolic regulation, secretory processes, memory, and learning (16) . The role of PKA in development was revealed by mutations in the Drosophila gene DCO, which encodes the catalytic subunit of PKA. These mutations caused defects in oogenesis and embryonic pattern formation. In vertebrates, PKA deficiency or inappropriate activation causes patterning defects in the neural tube, somites, and limbs (15) . The influence of PKA on Hh signaling is responsible for some of these effects.
In vertebrates, there are two major isoforms of the catalytic subunit (PKA-C and PKA-C ) and two types of regulatory subunit, PKA-RI and PKA-RII, with multiple isoforms of each, providing one way to achieve specificity in PKA signaling (16) . Another level of regulation can be provided by compartmentalized localization. PKA can be targeted to specific cellular sites, including basal bodies of cilia (17) , through binding of its regulatory subunits to Akinase anchoring proteins (AKAPs). Different AKAPs bind to PKA-RI or PKA-RII subunits, providing another way to increase specificity in signaling. AKAPs can serve as multivalent scaffolds that bind other enzymes [protein kinase C (PKC), protein phosphatase 2, glycogen synthase kinase 3 (GSK3), and others], substrates of PKA, and proteins upstream of PKA in signaling pathways, such as 2 -adrenergic receptor (18) . Thus, PKA activity can be managed through associations with other proteins and through spatial localization within cells.
Genetic analysis has revealed negative and positive roles for PKA in the Hh signaling pathway (19) . In Drosophila, zebrafish, and mice, mutations that reduce function of the catalytic subunit, or overexpression of a dominant-negative form of the regulatory subunit, cause phenotypes consistent with excess Hh target gene activation (20) (21) (22) (23) . For example, in Drosophila wing disks, mitotic clones mutant for PKA-C have increased or ectopic expression of Hh target genes (21) . In addition, Drosophila Costal1 (Cos1) mutations cause wing duplication phenotypes that are similar to hh gain of function. Different alleles of Cos1 have been identified as either pka-C loss of function or pka-RII gain of function (24) . Active PKA can suppress the expression of Hh target genes but cannot fully substitute for the inhibitory activity of Ptc (20) . In Drosophila, both the transcription factor Cubitus interruptus (Ci) (which is the Gli ortholog) and Smo have consensus PKA phosphorylation sites. Ci protein with mutations that prevent PKA phosphorylation is not converted into its transcriptional repressor form (25) . This explains the role of PKA as an inhibitor in the pathway. Smo proteins with mutations that prevent PKA phosphorylation of Smo cannot transduce a Hh signal (26) , a finding that is the basis for the proposed role of PKA as a positive regulator in Hh signal transduction.
The mechanism of activation and inhibition of PKA with respect to the Hh pathway is not fully understood. Most of the information about the role of PKA in the Hh pathway comes from work in Drosophila, where cilia do not play a role in Hh signaling. Hh ligand binding causes activated Smo to accumulate in the membrane (27, 28) . PKA phosphorylation stabilizes Smo protein in the plasma membrane (26, 29) . Smo is a substrate for phosphorylation by PKA, but it also regulates PKA activity. Acting as a canonical guanine nucleotide-binding protein (G protein)-coupled receptor (GPCR) through an inhibitory G i , Smo decreases cAMP concentrations, thereby reducing PKA activity (30) . In the absence of Hh, PKA phosphorylates three sites on full-length Ci, priming it for phosphorylation by two additional kinases, GSK3 and casein kinase I (CKI) (25) . These phosphorylation events promote ubiquitination and proteasomal proteolysis of Ci, which generate the truncated Ci repressor form, Ci-R (25). In the presence of Hh, PKA is not activated, full-length Ci is activated, and Ci-R is not formed. In vertebrates, Gli2 functions predominantly as an activator and Gli3 as a repressor, but after phosphorylation by PKA both can be proteolytically cleaved into repressor forms (8, 9) . Gli2 and Gli3 proteins accumulate at the tip of cilia: In mouse fibroblasts, this process requires activated ciliary Smo (12, 13) . Activation of Smo inactivates PKA (14) , a process that suggests their spatial proximity, and this notion is supported by data obtained from cultured cerebellar granule neuron precursors (GNPs).
P E R S P E C T I V E
Sonic hedgehog (Shh), one of three mammalian Hh proteins, is a mitogen in GNPs. Aberrant activation of Hh target genes in the cerebellum can cause medulloblastoma, an often deadly pediatric cancer for which treatment remains inadequate (1). In the developing cerebellum, GNPs proliferate because they are stimulated by Shh released from Purkinje cells (31) . Isolated GNPs continue to proliferate in culture if further exposed to Shh or will differentiate if Shh is withdrawn (31) . Activation of PKA induced by an increase in cAMP concentrations can block the proliferative effects of Shh.
Barzi et al. (14) recently found that, in proliferating GNPs treated with Shh in vitro, PKA was anchored at the base of cilia through direct binding of PKA-RII to an unknown AKAP. In cells continuously exposed to Shh ligand, PKA accumulated at the base of cilia, in a location close to but not overlapping with centrioles. The catalytic subunit, PKA-C, was bound to PKA-RII when Shh was present. Within 2 hours of Shh removal, the total amount of PKA-C at the base of the cilium substantially decreased, and the amount of activated PKA-C increased. This result is consistent with activation of PKA-C after dissociation from the regulatory subunit in the absence of Shh. A deletion mutant of PKA-RII lacking the AKAP binding and dimerization domains did not localize near cilia. A peptide that specifically disrupts the interaction of PKA-RII with AKAPs significantly reduced Shh-induced GNP proliferation and increased the number of cells expressing neuronal differentiation markers. These results suggest that PKA needs to be localized by an AKAP near cilia to be inhibited by the Shh signal.
The localization of PKA at the base of the cilium may allow it to interact with other components of the Hh signaling pathway and regulate their activation or trafficking (or both). Constitutive activation of PKA could be regulated by cAMP produced by adenylyl cyclase type III (ACIII), which localizes in cilia in certain neuronal cells, including GNPs (14, 32) . Activated Smo in cilia could inhibit the local production of cAMP by stimulating G i localized in cilia and consequently inactivating ACIII. The reduced local concentations of cAMP would inactivate PKA at the base of the cilium, prevent further production of Gli transcriptional repressors, and allow full-length Gli proteins to move to the tip of cilia (Fig.  1) . This could explain the inhibitory role of PKA in target gene induction. (33, 34) . This effect is possibly analogous to the accumulation of Drosophila Smo in the plasma membrane. PKA regulates intracellular sorting and traff icking of membrane proteins (35) , suggesting that PKA located at the base of the cilium could regulate the trafficking of vesicles containing Smo. Alternatively, PKA could regulate the lateral movement of Smo from plasma membrane to the membrane of the cilium (34) .
Future work will be necessary to understand the different contributions of PKA to mammalian Hh signaling. The functions of PKA are modulated by its associations with different AKAPs in cell compartments and upon multiple PKA isoforms that have different kinetic properties. We still have much to learn about how these layers of regulation impinge on the spatial control of Hh signal transduction.
